2 Graphical absrtact Photograph of prototype combining plasma and photocatalysis in situ Isovaleraldehyde removal by plasma and photocatalysis is studied at pilot scale.
Introduction
Many studies have shown that Volatile Organic Compounds (VOC) emissions are not negligible and their impacts on the environment and human health are serious and threatening [1] [2] . Therefore, there is currently an important deal of interest in developing processes to treat air pollutants, such as photocatalytic (UV/TiO2) oxidation in the gas phase. UV/TiO2
process is an attractive technique, as heterogeneous photocatalysis for environmental cleanup. It operates at ambient temperature and the by-products are usually CO2, H2O and nonharmful mineral acids [3] [4] [5] . Also, non-thermal plasma (NTP) is one of the most frequently used oxidation processes to control air pollution [6] . It consists of generating an electrical discharge that treats gas present between electrodes separated by a dielectric material.
However, application of non-thermal plasma leads to low the mineralization [7] .
Photocatalysis, due to its adsorption step, tends to keep the by-products in the adsorbed state 4 in order to reach their complete oxidation, achieving, thus, a higher mineralization value [3] [4] [5] . Therefore, it is interesting to try enhancing NTP's activity by adding TiO2 with external UV [8] . Moreover, many researchers found that combining plasma and photocatalysis improved the global performance of the process [9-11]. Indeed, a synergetic effect can be expected between these technologies [9-11]. Although many studies were carried out on the efficiency of associated process at lab scale, the extrapolation of this process at industrial scale has not been extensively explored. Here, our methodology was to extend previous research [12, 13] by proposing a new investigation about plasma, photocatalysis and their association in-situ at pilot and industrial scales. Firstly, a special attention is given to the comparison of the obtained results at pilot scale with those obtained at lab-scale, which is innovative in comparison to latter studies [14] . The second innovation of this research is about the investigation of the real effluent treatment with an industrial reactor.
At pilot scale study, isovaleraldehyde was chosen as a test molecule because it is significantly present in exhaust gases from animal quartering [15] . Furthermore, it is listed as one of the surrogates for the six major classes of indoor VOCs (aromatic, aldehyde, alkane, ketone, alcohol, and chlorocarbon) by the French Environment and Energy Management Agency (ADEME) [15] .
In this investigation, a new photocatalysis-surface plasma hybrid system is incorporated in a pilot reactor and the influence of some operating parameters on the removal of exhaust gases from animal quartering centers is investigated. On the other hand, at the same scale, Ochiai and co-workers investigated and developed a photocatalysis-plasma hybrid air-purification reactor using a titanium mesh sheet modified with TiO2 (TMiP TM) and a surface dischargeinduced plasma (SPCP) unit for treat a gas of smoking area [9] .
Here, we test the combined system with a novel photocatalyst of glass fiber tissue combined with surface discharge plasma which is established in a continuous reactor to investigate the 5 influence of some operating parameters on the removal in exhaust gases from animal quartering centers.
Materials and methods

Materials and methods at pilot scale
The experimental part will include two major elements: the reactor description and the gas sampling and analysis.
Reactor description
The experimental set-up is an air handling unit manufactured by CIAT (Compagnie 
Gas sampling and analysis
The preparation of synthetic polluted air stream was largely described in previous studies [3, [12] [13] [14] . Briefly, the air-isovaleraldehyde gas mixture was prepared by passing synthetic air (Air Liquide) through liquid isovaleraldehyde (Sigma-Aldrich, 97%). Indeed, pollutant liquid was heated, vaporized and mixed with a zero-air flow in an especially designed Bronkhorst vaporization/mixing chamber (CEM). In these conditions, the tested concentrations ranged from 2 to 10 mg.m -3 . Gas samples were analyzed by gas chromatography with flame ionization detection (Chrompact FFAP-CB column). A standard iodometric titration method was used to estimate the formation of the downstream ozone.
CO concentrations were measured by CO ZRE gas analyzer. To monitor the progression of pollutant mineralization, CO2 was analyzed by a Cosma Beryl analyzer reference 100 equipped by spectrophotometer Fourier Transform Infrared (FTIR) brand Environnement SA.
Materials and methods at industrial application
Several materials were used in order to better investigate and analyze the performance of combined system
Analysis system
The industrial emissions were measured by a FISONS Gas-phase Chromatograph (GC) using and NOx were analyzed with the same equipment that was used at pilot scale investigation.
Ozone was monitored on-line by an ozone analyzer (Environnement SA_O342M).
Industrial reactor description
A second prototype (Pr2) was built for the industrial application. This prototype had the same configuration that Pr1 with only some technical improvements over the distance between UV light and electrodes. Pr1 and Pr2 were inserted and connected in series in the industrial reactor which had the same configuration as the pilot reactor. Indeed, it was designed with a 316L 9 stainless steel to be able to withstand corrosion induced by the chemical compounds. It comprised a pre-filtration box, an upstream pollution measurement box, two boxes for prototypes (Pr1&2), and a downstream concentration measurement box. A ventilation box consisted of a medium-pressure centrifugal fan is added. This scroll-free fan was coupled directly to a 3 kW motor. The assembly was capable of generating an air flow rate ranging from 0 to 1000 m 3 .h -1 .
In order to generate the plasma in both prototypes, the same system as for pilot scale investigation was used. The second plasma generating system came from the Institut de Thus, this photocatalytic medium was maintained for industrial test.
Results and discussion
Investigation at pilot scale
In order to monitor the performance of the process, some operational conditions were studied.
Process efficiency was evaluated thanks to the following parameters:
where P is input power adjusted by changing the applied voltage (Ua) and Q is the flowrate  CO2 and CO selectivity's are calculated according to the following equations: Ozone production is investigated by several researchers and correlated with numerical simulation [17] . Indeed, non-thermal plasma leads to ozone formation through the production of oxygen atoms by electron collisions on O2:
O2 + e − → 2O
• + e −
followed by an addition reaction:
where O • refers to atomic oxygen which was generated by O2 dissociation due to impact with plasma discharge. . In our case, the novelty is that this synergetic effect was 11 maintained at high flow rates (25 times higher than that at the lab-scale). Indeed, Isoval oxidation efficiency with the associated system was 8 % higher than the sum of the oxidation efficiencies recorded, under the same conditions when plasma and photocatalysis were used separately. This result is similar to that obtained by Ochiai and co-workers. In fact, they investigated and developed a photocatalysis-plasma hybrid air-purification reactor using a titanium mesh sheet modified with TiO2 (TMiP TM) and a surface discharge-induced plasma (SPCP) unit [5, 9]. Table 1 gives the list of the by-products detected. At pilot scale, we note an improvement of mineralization when plasma was associated with photocatalysis. In fact, the mineralization by photocatalytic process is about 75 % and it is equal to 27 % when plasma was taken alone.
Removal efficiency
By-products formation
Nevertheless, with the associated process, CO2 selectivity exceeds 55 %. This enhancement is 12 attributed to the formation of more reactive species due to the presence of TiO2 in plasma zone [9, 13]. On the other hand, CO selectivity doesn't exceed 10 % with combined process.
It is interesting to note that the combined system leads to better CO2 selectivity than for plasma. Thus CO can be decomposed with plasma because recent reports by Ochiai et al.
indicate that although using combined system, CO cannot decompose successfully [21, 22].
Moroever, many research works confirm that such mineralization improvements are related to the porosity of the medium: porosity induces a longer residence time of gas intermediates byproducts during diffusion through the solid pore system [14] . This behavior can enhance the converting of intermediates by-products into CO2 leading to the little amount of CO.
These behaviors of selectivity are similar to that was observed at lab-scale experiments. In fact, this trend is attributed to the role of TiO2 in the discharge zone which leads to the formation of more reactive species. Moreover, external UV light is able to activate ozone on the surface of TiO2 in order to improve the byproducts mineralization. Consequently, In the same way, the combined process performance was enhanced in term of residual ozone.
Indeed, the results show that residual ozone formed by plasma alone is higher than that formed with the associate system. This can be explained by the decomposition of ozone due to the presence of external UV [8, 10] . Similar laboratory trends were also observed at pilot scale under various operating parameters [13]. SARIA Industries is an animal quartering centers. It collects from farmers and meat industry the waste which can represent a risk to human health and environment. This waste is then subject to specific treatments within dedicated industrial units. These treatments generate a polluted gas effluent loaded with VOCs and ammonia.
Our treatment plant was installed on SARIA factory on mid-June 2012. The tests began during the second half of June under high temperature (32.4 °C) and relative humidity (56%).
Before turning on the fan, a filter for dust and grease retention was positioned upstream of the pilot plant. The inlet concentration of pollutants (primarily aldehydes) was not stable and depends on the plant quartering centers. This forces us to alternate systematically analysis upstream and downstream of the industrial pilot.
Photocatalysis alone
The results of VOC's oxidation are represented in fig. 4 . After a stabilization period of several hours, the oxidation efficiency with photocatalysis alone was hovering around 21-24% for the three aldehydes (isobutyraldehyde, isovaleraldehyde, and 2-methylbutyraldehyde).
Additionally, oxidation efficiency of ammonia was around 25 % with inlet concentration about 20 mg.m -3 . On the other hand, we also note the formation of byproducts, mainly acetic acid, propionic acid and butanoic acid. However, the values of removal efficiencies in the industrial application were less than the pilot study. In fact, the high relative humidity observed for the real effluent has a significant effect. This behavior arises because water vapor can deposit on the surface of the photocatalyst and occupy its active sites [13] . If the number of active sites is considered constant, it becomes evident that the competitive effect increases with increasing effluent humidity.
DBD plasma alone
The oxidation efficiencies of some aldehydes and mercaptans with plasma surface discharge alone are summarized in Fig.5 . Except isovaleraldehyde, the oxidation efficiencies were around 30-35%. The removal efficiency of dimethyl disulfide (DMDS) with low inlet concentration (< 10 mg/m 3 ) doesn't exceed 40 %.This low degradation rate is usually observed for sulfur compounds [14] .
In fact, with hydrogen sulfide, at similar value of plasma injected energy, the conversion efficiency does not exceed 25% [14] .
Additionally, the same behavior has been observed with the aldehydes. The increase of water vapor content reduces the electron density and quenches the active chemical species [4, 5] . 
Combined DBD plasma/photocatalysis
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As shown in Fig.6 , it is clear that the combination of plasma and photocatalysis improve the performance of the industrial reactor. In fact, the oxidation efficiencies were around 60-75%
for the three aldehydes.
Here, the synergetic effect was not clear because operating parameters like the temperature, the inlet concentration of pollutant and relative humidity were not stable during all the experiments. This may be the most serious problem for providing and confirming a synergetic effect at industrial scale.
Moreover, the high value of RH can affect also the synergistic effect in combined DBD plasma/photocatalysis. Indeed, the removal efficiency due to the combined process is not alltime better than the value corresponding to the sum of the removal efficiencies of each process taken separately.
On one hand, with combined DBD plasma/photocatalysis, water vapor content may enhances the formation of reactive species as in the equation [13] :
On the other hand, at higher levels of RH, water vapor content limits the electron density and quenches the active chemical species [4, 5] .
Thus, the reactor at the pilot scale in this study is more efficient than the industrial system. . These results were in agreement with lab works treating the removal of some VOCs [10, 12] . Ozone was detected downstream the reactor at a lower concentration than that obtained at lab-scale study. This is probably due to the elevated temperature and the higher relative humidity in the air. In fact, an elevated temperature leads to a higher decomposition of ozone and an oxidation of NO molecules to NO2 [23] .
Moreover, the previous result at lab-scale showed that ozone is strongly reduced when RH increases. Its formation is probably inhibited [25, 26] . Indeed, the consumption of ozone in 
Conclusion
The main results of combined plasma photocatalytic treatment were:
(1) The effect of associated treatment is higher than the sum of individual steps. This synergy is partly confirmed at pilot scale with high values of flowrate.
(2) Plasma-assisted photocatalytic process can provide a suitable alternative for the pollution classic treatments.
(3) At pilot scale, the associated process leads towards total oxidation. The by-products formed during plasma treatment are oxidized to CO2.
Globally, the transition to an industrial experiment was studied and discussed using industrial prototypes. It brought many interesting facts about the viability of the process in complex environments. The scale-up feasibility of the process seems to be possible for the treatment of an industrial and real gas effluent. 
